Homeobox genes encode a particular class of transcription factors that are involved in several different developmental processes such as specification of regional identity, cell determination and proliferation. In particular, during early brain morphogenesis, they provide a genetic code, which generates single rhombomere identity in the hindbrain (Science 284 (1999) 2168) and interneurons specification in the ventral neural tube (Nat. Rev. Genet. 1 (2000) 20). We have isolated a paired homeobox containing gene, which has been recently named Dmbx1 (Mech. Dev. 110 (2002) 241). Dmbx1 protein can be listed into the paired-like class, due to the highest homology in its homeodomain, with several other members of this family. With the exception of olfactory neurons, Dmbx1 is expressed only in the developing central nervous system and in particular during early determination and successive differentiation of the midbrain and caudal diencephalon. Interestingly, Dmbx1 expression labels cerebellar granule progenitors at the onset of differentiation and spinal cord V0 interneurons. q
Results and discussion
Aiming to isolate novel transcription units coding for homeodomain containing transcription factors, we began a systematic search using several bioinformatic tools. In particular, we screened public databases containing the information of the entire human genome and the available sequences of the mouse genome (www.ensemble.org; www.ncbi.nlm.nih.gov/genome/seq/MmBlast.html). Moreover, we matched these results with information derived from transcribed sequence databases like dbEST (Expressed Sequence Tag database) and UNIGENE (www.ncbi.nlm.-nih.gov/UniGene). Among the uncharacterized homeoboxlike sequences found, we describe here the identification and the pattern of expression of a paired-like homeobox gene, recently named Dmbx1 (Ohtoshi et al., 2002) . Dmbx1 open reading frame consists of 1146 nucleotides, which codes for a predicted protein of 381 amino acids (Fig. 1B) . The homeodomain, belonging to the paired-like class, contains a lysine residue in position 50, an amino acid found only in other members of this family like Ptx1, Ptx2, Otx1 and Otx2 (Fig. 1C) .
Dmbx1 expression was analyzed by means of whole mount in situ hybridization on early mouse embryos and dissected brain structures at mid and late embryogenesis stages. Dmbx1 is strongly detected starting from E8.5 in the anterior neural plate and in the pocket of the first branchial arch ( Fig. 2A,C) . Its expression domain is partially overlapping to that of the mid-hindbrain marker Engrailed 1 (En1, Fig. 2B,D) , even if its anterior border extends over the prospective mesencephalic domain and part of the nascent diencephalic anlage. At E9.5, Dmbx1 expression is strikingly confined to a specific region of the anterior neural tube with very sharp rostral and caudal boundaries (arrows in Fig. 2E ). At this stage, Dmbx1 and En1 expression domains are still partly overlapping, although, at variance with En1, Dmbx1 is not detected in the isthmic region (Fig. 2E,F) . In fact, the caudal limit of its expression domain lies at the same anterior-posterior (A-P) level as the Otx2 expression domain, which has been previously shown to be at the caudal midbrain border (Fig. 2E,G) (Acampora et al., 1997; Bell et al., 1999; Broccoli et al., 1999) . Thus, the posterior boundary of the Dmbx1 transcriptional territory coincides with the forming midbrain-hindbrain junc- Sequence of Dmbx1 open reading frame region (GenBank accession numbers NM_130865, AF421858). The amino acids constituting the homeodomain are underlined. Arrows indicates the splicing sites. (C) Alignment of the homeodomain protein sequences. Dmbx1 is most similar to Alx4 (GenBank accession number NM_007442), Pax6 (Genbank accession number NM_011098), Pitx3 (Genbank accession number AF005772) and Ptx2 (GenBank accession number NM_011098). The percent of identity is referred to amino acid similarity. Dmbx1 homeodomain contains a lysine at position 50 (highlighted amino acid), a feature shared only with some homeoproteins of the paired class, like Otx1 (GenBank accession number AF424700) and the Ptx Otx1 (GenBank accession number NM_011097) protein family.
tion. This neural region is believed to act as an organizer center for the induction of the neighboring neural structures such as the midbrain and the cerebellum (Wurst and BallyCuif, 2001 ). Interestingly, Dmbx1 expression extends, beside the midbrain, to the first prosomere, which is fated to give rise to the most posterior diencephalic structures, like the posterior commissure. This is revealed by comparing its anterior transcriptional field with the Pax6 expression domain, which includes all the early prosencephalic area with a caudal boundary between midbrain and prosomere 1 (Fig. 2E,H) . Dmbx1 expression is maintained in that region up to the late embryonic stages tested (E16,5), although it is gradually lost in the basal plate of the neural tube and maintained only in the alar plate (Fig. 2M,O) . Interestingly, Dmbx1 transcription is never expressed in the roof plate of the neural tube, that normally expresses 
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Dmbx1 expression continues to be revealed in midbrain, pretectum and cerebellum, but only restricted to their alar plate. Pons and tegmentum do not express Dmbx1. cp, cerebellar plate; cx, cerebral cortex; hyp, hypothalamus; mes, mesencephalon; oe, olfactory epithelium; rh, rhombencephalon; sc, spinal cord. molecules like Wnt1 and members of the BMP family (asterisk in Fig. 2K ) (Lee et al., 2000) .
Starting from E10.5, a strong Dmbx1 positive signal is detected in a bilateral stream of cells in the rhombic lip region (arrowheads in Fig. 2I,L) , which is located at the posterior edge of the cerebellar anlage (Altman and Bayer, 1996) . The positive Dmbx1 cells of the rhombic lip, which are committed to become granule neurons, disperse rostrally over the surface of the cerebellar anlage, where they establish the external granular layer (EGL) (Fig. 2O,P) . Postnatally, they will migrate inwardly, giving rise to the mature granule cells of the internal granule layer (IGL) (Hatten et al., 1997) .
Dmbx1 expression is strongly detected, from E11.5 onwards, in a specific neuronal field along all the A-P axis of the developing spinal cord (Figs. 2M and 3A) . In the neural tube, different populations of neurons have been identified along its dorsal-ventral axis. Each of them expresses a specific set of transcription factors, which confer their specific cell fate identity (Jessell, 2000; Lee et al., 2000) . Using these criteria, five different neuronal populations have been described in the ventral neural tube, which, starting from the sulcus limitans, have been, respectively, named: V0, V1, V2, motoneurons (MN) and the most ventral cell type, the V3 neurons (Briscoe and Ericson, 2001) . To better localize Dmbx1 expression in the developing spinal cord, we compared its expression pattern with those of genes that represent molecular markers of the different cell types. In particular, we selected Pax7 for labeling all the dorsal neural progenitors up to the sulcus limitans (Lee et al., 2000) and En1 for being expressed in the V1 interneurons (Matise and Joyner, 1997) . Pax7-Dmbx1 and Pax7-En1 double in situ hybridizations, performed on spinal cords of 11.5 (Fig. 3A,B) or 12.5 days old (Fig.  3K,L) , show that Dmbx1 positive cells are placed between the sulcus limitans (dashed line in Fig. 3A ,E) and the En1 expressing cells. Moreover, Dmbx1 and En1 cell populations abut each other as suggested by the direct comparison of the Dmbx-En1 expression domains (Fig. 3C) . Thus, we concluded that Dmbx1 is specifically activated by the V0 interneurons, the most dorsal class of neurons placed into the ventral side of the spinal cord. A similar scenario is detected in E12.5 spinal cords (Fig. 3E-G) . Dmbx1 is not expressed in V0 neural progenitors, since its expression domain is complementary and not overlapping with that of Pax7 and Pax6 both at E11.5 (Fig. 3A,D) and E12.5 (Fig. 3E) .
During this study, we found a striking similarity between the spatial expression domains of Dmbx1 and Barhl1 (Fig.  3I-L) . The latter is one of the two mammalian homeobox genes homologous to the drosophila barH, a gene implied in fate determination of external sensory organs, through proneural gene activation (Sato et al., 1999) . Both Barhl1 and Dmbx1 are detected only in the developing brain and in particular in midbrain, cerebellar progenitors (Fig. 3I,J) and strikingly, in the same sub-population of V0 interneurons in the neural tube (Fig. 3K,L) .
Experimental procedures

Isolation of mouse Dmbx1 and sequence analysis
A partial Dmbx1 sequence was retrieved during a survey for homeobox sequences from the human and mouse genome sequences. The mouse full coding region was completed by reverse-transcriptase polymerase chain reaction (RT-PCR) and rapid amplification of cDNA ends (RACE) experiments. For RACE assays, we utilized the RACE system kit (GIBCO) coupled with the oligo CAGCTGGACCGTGAAGAGGAC. RT-PCRs were performed using the following primers: P1(5 0 ) CCATGTAC-AACCTGCACCAGCA, P2(5 0 ) ATGCAGCACTATGGG-GTGA, P1(3 0 ) AGACTCGCTGGCTGACTGCT, P2(3 0 ) ACGAGTAGTGCATCAGGTTG.
In situ whole mount hybridization
A 600 bp fragment (position 70-670) of mouse Dmbx1 was cloned in pCRII vector (Stratagene). Antisense and sense probes were synthesized linearizating with BamH1 or EcoRV and transcribing with T7 or Sp6 RNA polymerase, respectively. Whole mount in situ hybridization experiments were performed as previously described by Grimm et al. (1999) . Neural tube or anterior brain structures were dissected after the fixation step in 4% paraformaldehyde/ phosphate buffered saline (PBS) and isolated neural tissue re-fix for other few hours at 48C (Bulfone et al., 2000) .
